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ARTICLE INFO ABSTRACT
Keywords: Heat stress has been proven to cause negative effects on livestock leading to lower productivity
Adaptation and economic value. Understanding how heat stress manifests within an animal’s body is the first
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step in devising a heat stress mitigation strategy; transcriptomic studies are one of the methods
used. Here, using a systematic literature review methodology, we examine the recent decade of
transcriptomics’ application to the study of livestock adaptation. We identified 152 studies that
met our criteria for using transcriptome methods to heat stress adaptation and were published
within the last ten years. Our analysis demonstrates the growing popularity and application of
transcriptome approaches in the investigation of the response of ruminants, pigs, and poultry
livestock to heat stress. Majority of the works was done in chicken and cattle using multiple
organs as the sample, with qRT-PCR as the most employed technique. It has been established that
a variety of biomarkers can be used to assess animals under heat stress, such as the HSPs, ILs, and
TLRs. Although transcriptomics has lately been employed extensively to uncover the mechanism
of heat adaptation, this adaptive feature’s complex mechanism remains unclear, leaving many
knowledge gaps for investigation. A more complex studies involving more various cell types,
organs, or even model organisms using multi-omics approach could be the future research di-
rection in understanding the heat stress effects on livestock better.

1. Introduction

Recently, many “omics” technologies (genomics, metabolomics, transcriptomics, proteomics, etc.) have been brought to light in
livestock research and have gained popularity in their application to the collecting of biological information; transcriptomics has
emerged as one of the most significant in livestock animal. According to Lowe et al. [1] transcriptomics is used to investigate an
organism’s transcriptome, or the complete set of RNA transcripts produced. It provides information on gene structure, regulation of
gene expression, gene product function, and genome dynamic in a specific tissue or cell type at specific developmental stage and/or
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under a specific physiological condition, which further shed line on the regulation network of biological process in a living organism

[2].

Transcriptomics has made it possible to investigate how gene expression patterns differ under experimental and natural conditions,
further understanding the biological process of adaptation [3]. Since gene expression links genotype to cellular and organismal
physiology and, potentially, adaptive phenotypes, flexibility in gene expression can serve as a functional link in understanding the

adaptation mechanism to the rapidly changing environments [4].

According to Rao et al. [5], transcriptome can basically be studied by two approaches: DNA microarray, a hybridization-based
technique, and RNA-seq, a sequence-based approach. Research continues to find new applications for transcriptomics as a power-
ful, high-coverage, high-efficiency, and high-throughput analytical technique for obtaining genomic information on livestock. The
mining of novel functional genes [6,7], the investigation of the synthesis pathways of secondary metabolites [8], the identification of
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developmental pathways [9], and the acquisition of useful information for the breeding process [10] are just some of the areas where
this method has already been put to use.

An example of a global recent research interest is the climate change, which is one of the most significant issues in the world and is
anticipated to intensify; as evidenced by the fact that 2022 was recorded as one of the warmest years, 1.11° Celsius warmer than the
19th-century average [11], followed by extreme climate events such as heatwave, flood, wildfire, and droughts in some parts of the
world [12]. In livestock farming, climate change is causing significant economic losses due to a decline in productivity in all aspects:
reproduction, growth, meat and milk production (quantity and quality), and immunity [13-16]. The focus in the livestock farming
industry has shifted from not only increasing productivity to including adaptation to climate change and animal welfare as key
considerations. According to Abdu Niyas et al. [17], the term adaptation refers to the morphological, anatomical, physiological, and
biochemical characteristics of an animal that, when combined, promote the animal’s welfare and favor its survival in a particular
environment. In the context of the present work, adaptation refers to the animal’s ability to survive in the increasing global tem-
perature or the heat stress (HS).

In order to have sustainable livestock production and protected biodiversity despite the current unexpected trend in environmental
conditions, one of the most effective strategies would be to comprehend the cellular mechanism for responding to the changing
environment.

Transcriptomic studies on specific topics in livestock science, such as male fertility [18], nutrigenomics [19], and prenatal nutrition
[20], have been the subject of limited reviews. However, no recent reviews detail the expansion of transcriptomic applications in
livestock adaptation and how these developments have occurred. In this review, we present the current state of transcriptomics ap-
plications in livestock science, with a focus on cattle, buffalo, sheep, goats, pig, and poultry adapting to the changing climate,
highlighting the diversity of research locations, research goals, methods, and species. We noticed that there is a trend in tran-
scriptomics study in livestock animals; majority of research has been done in cattle and chicken, with less work in any other livestock
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sources: Scopus, Science Direct, Web of Science,
and PubMed
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Fig. 1. A Flow chat of literature filtering criteria as applied in this study based on Koutsos et al. (2019).
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species discussed in this review. Also, several genes highly related to heat stress adaptation has been found. Additionally, we highlight
knowledge gaps and offer recommendations for the development of transcriptomics in the field of livestock science by expanding the
research design by increasing the variety of samples organs, with combination of multiple omics technique, and also more complex
comparison of species.

2. Material and method

This systematic review was conducted in accordance with the Koutsos et al. guidelines [21], which included six steps: (1) scoping,
(2) planning, (3) identification search process, (4) screening article, (5) eligibility assessment, and (6) interpretation and presentation
(Fig. 1). Accordingly, database of studies on the adaptation of livestock to climate change that employed transcriptomic techniques
was compiled.

2.1. Database search

A preliminary comparison of multiple search engines with open access revealed that the majority of search results are comparable
regardless of the search engine employed. In addition to Scopus (https://www.scopus.com/), the Web of Science (https://www.
webofscience.com/), ScienceDirect (http://www.sciencedirect.com/), and PubMed (http://www.ncbi.nlm.nih.gov/pubmed), Goo-
gle Scholar (https://scholar.google.com/) was also selected as the primary literature search engine, as it yielded a substantial number
of results, combining all major search engines, also not only limited to international and indexed journals. Adjustments were made to
the configurations of all search engines and databases in order to increase the effectiveness of searches and filter out irrelevant results.

2.2. Search criteria

Only articles published between 2012 and 2022 containing keywords such as “transcriptome,” “gene expression,” “livestock,”
“adaptation,” and “climate change” were considered due to the major development and application of transcriptomic studies in
livestock animals. Consequently, each keyword combination generated a comprehensive list of results in the search engines.

2.3. Evaluation and screening process

They included various types of publications containing any or all keywords used. All retrieved publications were subjected to a
manual review, and those that did not: (1) utilize transcriptomic tools to generate original data; (2) address adaptation and climate
change; (3) include livestock species (cattle, buffalo, sheep, goats, pig, chicken, pigeon, quail, and duck); (4) be peer-reviewed; or (5)
be an original article, were eliminated.

Majorly the challenges in this process were the duplicate articles and articles were not involving livestock species. We were focusing
on the major livestock animals due to its economic significance and also its direct contribution in agricultural science to fulfil human
needs in term of protein source. That is why, we were more focusing on the search result from Google Scholar, as its result were more
comprehensive to detect all related articles.

2.4. Construction of database

After evaluating the obtained literature, the following information was entered into a database (Supplementary Table 1): (1) title,
(2) DO, (3) journal name, (4) volume, series, pages, (5) publication year, (6) keywords, (7) topics, (8) authors, (9) author origin, (10)
corresponding authors email, (11) abstract, (12) species, (13) breeds, (14) sampling organs, (15) number of samples, (16) research
environment; laboratory based or field based, (17) research conditions; natural condition or experimental treatment and (18) source of
research funding.

2.5. Data analysis and result presentation

The database, which contained information manually assigned to each article, was utilized in subsequent analyses using R Software
[22] and Excel [23], and visualizations utilizing Canva (https://www.canva.com/), San Diego, California, USA and RAWGraphs
(https://www.rawgraphs.io/) [24].

3. Result

More than 10,000 results of scholarly articles published in between 2012 and 2022 were generated by the Google Scholar. Most of
these articles were irrelevant to our study mainly due to the various object of research rather than livestock animals. We therefore used
the keywords and specified for each type of livestock and retrieved 450 articles. All of the articles found in the secondary search
engines were already accessible through the primary search engine, rendering the searches from the secondary search engines
essentially ineffective.

After eliminating duplicates, irrelevant material, and ineligible studies, 152 articles from 2012 to 2022 are included for further
analysis; this includes 61 ruminant-related papers, 26 pig-related papers, and 65 poultry-related papers. Most studies were eliminated
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because their research designs, involved nutrition intervention to reduce heat stress rather than heat stress adaptation. The 152
publications came from 17 different countries; the largest numbers of articles were written by writers in India (n = 43), China (n = 31),
the United States (n = 10), and a collaboration of many countries (n = 26) (Figs. 2 and 3).

Most of the 346 keywords extracted from the 152 articles related to the heat adaptation. The most used keywords are heat stress (n
= 81), heat shock proteins (HSP) (n = 25), and HSP70 (n = 20), gene expression (n = 17), broiler (n = 13), and pigs (n = 13) (Fig. 4).

A species-by-species breakdown for the ruminant and poultry categories was made. Cattle (n = 25), goat (n = 19), buffalo (n = 8),
sheep (n = 4), cattle and buffalo (n = 4), and sheep and goat (n = 1) were all studied as part of the ruminant group (Fig. 5A). Chicken
(n = 47), duck (n = 9), quail (n = 6), pigeon (n = 1), turkey (n = 1), and quail & turkey (n = 1) were the poultry species studied
(Fig. 5B).

Fig. 6A shows that qRT-PCR was employed by the vast majority of the articles (n = 104), with blood as the sampling organ (n = 46)
of and multiple organs (n = 40) being used out of the 152 studies (Fig. 6B). The sample sizes ranged from 5 to 250, with the big number
of sample usually are blood sample and the highest number was involving oocyte sample. The majority of experimental observation
settings (n = 119) were identified in laboratories (n = 86), indicating that the conditions setting in understanding heat adaptability
have been constructed rather than in natural conditions (Fig. 6C and 6D).

4. Discussion

Heat stress adaptation has recently emerged as a limiting factor in livestock farming due to its role in maintaining optimal livestock
productivity and animal welfare in the face of climate change. Numerous investigations have been made using a variety of approaches
and techniques to better understand the mechanism of temperature adaptation in animals. Transcriptomics is one approach that has
gained popularity recently and has been used to investigate heat stress adaptation at the molecular level. Consequently, a deeper
understanding of transcriptome regulation is offered. It has been successfully applied to address a wide range of concerns about the
adaptability of organisms in a particular context, whether the natural state or through an experimental condition/induced treatment.

Number of Article [
1 43

Powered by Bing
© Australian Bureau of Statistics, GeoNames, Microsoft, Navinfo, OpenStreetMap, TomTom, Zenrin

Fig. 2. Geographic heatmap based on the author origin of the 152 research articles from 2012 to 2022 related to transcriptomics study in livestock
heat adaptation.
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Our collected literature shows that quantitative real-time- polymerase chain reaction (QRT-PCR) has been widely used in livestock
studies. It is the most sensitive method for mRNA quantification due to its ability to detect uncommon transcripts and monitor minor
changes in gene expression. It is a popular method for measuring transcript abundance because of its speed, throughput, and possibility
for automation. When small quantities of sample are available, QRT-PCR is a great option since it allows for the simultaneous eval-
uation of gene expression in many separate samples for a restricted number of genes moreover, with well-defined data processing and
workflows [25,26]. However, it is constrained by a slow processing rate, high per-cell costs, and extensive manual labor. Only up to
four fluorescent dyes can be multiplexed, and separate assays and carefully tested primers are required for each gene. This implies that
RT-qPCR is a hypothesis-driven technique that necessitates the selection of target genes based on prior knowledge, which may result in
a biased analysis [27].

RNA-seq, on the other hand, has been widely considered the top approach for whole transcriptome gene expression quantification
since its introduction in 2008 [28], with several advantages; no prior information of the transcriptome is necessary; it allows for a
considerably more thorough examination of alternative splicing events; and it has a far greater dynamic range and is more sensitive
than microarrays. Nonetheless, RNA-seq still confronts barriers in data processing and analysis, as well as cost, which, despite having
decreased considerably in recent years, remains a barrier to even more widespread usage [29,30].

Rapid cellular adaptation was regulated transcriptionally in a short period of time to adapt to the changing environment. Evidence
for the role of changes in transcriptome regulation in the adaptation process may be found in differentially expressed genes [31].
Several molecular mechanisms underlie the HS responses in animals, and these mechanisms can have direct effects on metabolite
composition. As blood plays a crucial role in maintaining homeostasis, it remains the optimal choice for studying transcriptomic
studies of thermal adaptation. According to Kishore et al. [32], the ability of peripheral blood mononuclear cells (PBMCs) to respond to
HS in the laboratory makes them a useful biological model for studying the stress response in livestock. Moreover, PBMCs are a widely
used cell model that can be easily extracted and cultivated to represent the overall animal’s physiological state [33].

In thermal adaptation, various genes have been identified to play critical roles function as molecular chaperones, repress protein
synthesis, and transport proteins during HS, such as Heat stress proteins (HSPs) [34,35], Interleukins (ILs) [36], Toll-like receptors
(TLRs) [37,38], and many more. Many studies have focused on the HSPs, examining their regulation, cellular localization, and
functions. HSPs are members of an extensive group of proteins that function as an integrated system to preserve proteostasis. Different
stressors trigger the synthesis of HSPs, suggesting these “housekeeping” proteins play a crucial role in the physiology and biology of
stressed cells. Increased HSP levels and expression of thermotolerant genes have been identified as the cell’s ultimate response to HS,
providing unquestionable evidence of its suitability as a biomarker; they act as chaperone to facilitate the folding, unfolding, and
refolding of stress-denatured proteins. The HSP60/70/90 families are the most extensively researched among the various HSPs. In
animal, HSP70 is one of the most studied genes, as it is a highly conserved, sensitive, and abundant gene that is associated with stress
response. It is also has a strong correlation with thermotolerance in animals [33,39]. The trend in utilization of transcriptomics study in
each livestock grouping (ruminant, pig, and poultry) is elaborated as follows.

4.1. Ruminant

When it comes to adaptability, our attention will be focused mostly on indigenous breeds, whose adaptability has been demon-
strated by their existence in that specific place. As one of the primary objectives is to determine which animals are best able to
withstand the steadily increasing ambient temperature, a comparison of breeds assumes an important role, such as between the
indigenous; Barki vs. Abu Dlik sheep [39], Sahiwal vs. Tharpakar cattle [40], Barbari vs. Jamunapari goat [41], Osmanadi vs. Salem
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black goats [42], or between distinct breeds or crossbreds; Murrah buffaloes, Holstein-Friesian, and Sahiwal cows [32], Tharpakar and
Karan Fries crossbred [43], Sahiwal and Holsten Friesian x Sahiwal crossbred [44]. Maibam et al. [43] and Kumar et al. [40]
discovered that the expression pattern of specific HSPs genes varied depending on the livestock breed. These results could be due to
morphological differences across breeds in thermotolerance and adaptability to different climatic circumstances, such as variances in
coat color, skin thickness, and hair/wool length, which aid in the absorption and dissipation of heat [45], implying that when
designing interventions to mitigate the effects of HS on animal health and productivity, breed and its origin are important factors to
consider.

One of the well-known examples of the application of transcriptomics studies in natural settings is the seasonal dynamics of gene
expression of HS-related genes, for example, HSPB9 and HSPB10 in testes of Hainan Black goats (2-2.5 years) under controlled
environment under temperature about 18 °C, 25 °C, and 35 °C for 96 h [46] and nitric oxide synthase (NOS) and HSPs in female
Barbari goats (4-5 years) under several peak season condition [47]. These studies aimed to understand how cellular regulation to the
thermal stressor. Rawash et al. [48] discovered that summer heat (THI>>80) negatively impacted the expression of IL2 and IL6 genes in
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Barki ewes (3-4 years) while positively impacting the expression of HSP70 genes. Activating the immune response to reduce the
negative consequences of chronic HS adaptation largely depends on the actions of these two immune-related genes. In addition to the
Sahiwal and Kankrej cattle [49], the Barbari and Jamunapari goats [41], and the Murrah buffalo [40] all showed an upregulation of all
the main HSPs during the warmer months of summer rather than other seasons.

HS is known to negatively impact livestock performance, especially reproduction. As a result, various research has been done to
study the relationship between the two in ruminants. A study conducted on the Hainan black ram (2-2.5 years) by Xun et al. [46]
revealed a high level of HSPB9 in the testes’ convoluted seminiferous tubules’ spermatogenic cells (spermatogonia, spermatocytes, and
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Fig. 6. Bar plot of percentage of transcriptomic method employed collected article (A), the sampling organ (B), the observation setting; experi-
mental set up, natural set up, or the combination of both (C), and the experimental setting in conducting the research; in the field, laboratory, or
both (D).

spermatids). On the other hand, HSPB10 was predominantly expressed in elongated spermatids. The elevated levels of these two heat
shock proteins at various stages of spermatogenesis suggest that they are essential for male reproduction and heat tolerance. HSPB9
may play a role in protecting and repairing spermatogenic cells from harm caused by HS, whereas HSPB10 may aid in the maturation
and development of sperm cells. In female buffalo reproduction, high ambient temperature has been shown to have a deleterious
impact on the maturation and subsequent embryo development processes at various cell stages. This was demonstrated by increased
Heat stress factors (HSF)-1 and HSP90 mRNA expression in mature oocytes after HS, while HSF1, HSF2, HSP70, and HSP90 mRNA
expression is considerably enhanced in cumulus cells. These findings imply that seasonal variations should be considered in buffalo
breeding programs to mitigate the deleterious effects of HS on reproductive performance [50,51]. Taking this notion one step further,
Yadav et al. [52] investigated the thermoneutral zone in buffalo by combining proteomics, physiological and biological responses to
high temperatures, as a mitigation strategy for buffalo management under climate change scenarios.

4.2. Pig

Morbidity, mortality (especially in market-weight hogs), suboptimal growth, inconsistent market weights, inefficient nutrient use,
poor sow performance, reduced carcass value (increased lipid and decreased protein content), and carcass processing problems all
increase when HS is present in pig farming [53].

In term of growth, HS has been demonstrated to be having a significant impact on pigs even at the very beginning of their lives.
Sows exposed to high ambient temperature during neonatal period and early lactation, substantially increased the expression of HSP70
in the liver and abdominal fat of the piglets, as well as the expression of HSP27 in the liver. Both genes play a role in lipogenesis. During
HS, glycogenesis was enhanced, providing scientific support for the observation of increased fatness and reduced muscle mass in
thermally stressed pigs [54], which was also observed by Pearce et al. [53] in growing gilts under constant heat stress condition of 35 °C
+ 1 °C; 20 %-35 % relative humidity for 7 days. Zhao et al. [55] observed that maternal HS under cyclic heat stress condition of 33 °C
between 0900 h and 1700 h, and 28 °C between 1700 h and 0900 h for 3 weeks harms neonatal development by lowering the
expression of genes associated with major nutrient transporters such as solute carrier family 7 member 8 (SLC7AS8), solute carrier
family 38 member 3 (SLC38A3), solute carrier family 15 member 1 (SLC15A1), glucose transporter 2 (GLUT2), and
fructose-bisphosphates 2 (FBP2).

Pigs exposed to HS conditions have a 20 % drop in feed intake and a doubled respiration rate, resulting in a 23 % reduction in
weight gain when compared to thermoneutral pigs. HSP90 expression in the duodenum and longissimus muscle was higher in HS pigs
than in thermoneutral pigs, suggesting that HSP90 are significant components of their (pig’s) long-term acclimatization mechanism.
The presence of GLUT4 in the semitendinosus muscle and liver suggests an insulin-stimulated increase in glucose absorption by both
tissues. The observed variations in Catalase 1 (CAT1), sodium/glucose cotransporter protein 1 (SGLT1), and GLUT4 expression suggest
that heat stressed pigs make specialized modifications to preserve nutrient availability for the cells [56].

The HSP chaperone machinery in a pig’s ovary is also constantly active and responsive to in vitro thermal exposure of 41.5 °C
applied for 1 h, as stated by Pennarossa et al. [57]. Different members of the HSP40, HSP70, HSP90, HSP110, HSF1 and HSF2, were
expressed in the ovarian follicles. Heat stress disturbed oocyte maturation and upregulated some HSP and HSF genes in entire pig
ovaries, however the effects were only seen in oocytes and not cumulus cells. Seibert et al. [58] also reported this cell-specific response
to HS in post pubertal gilts; they discovered that cyclic HS decreased HSP90AB1 and increased HSPB1, HSF1, and HSPD1 protein
abundance in the ovary and corpus luteum during the follicular phase and luteal phase, respectively. In conclusion, the problem with
lower fertility in sows during warm months was most likely caused by the inability of the surrounding cumulus cells and the entire
follicle to respond effectively. This could be because the somatic and germinal compartments have different reaction levels.

Itami et al. [59], on the other hand, discovered a favourable effect of short term in vitro HS (41.5 °C for 1 h), which boosted
mitochondrial degradation and biogenesis in pig oocytes, resulting in enhanced blastocyst development. HSP72, sirtuin 1 (SIRT1), and
phosphorylation of AMP-activated protein kinase (p-AMPK) expression levels were likewise elevated after SHS treatment, indicating
that HSP72 may be a causative activator of SIRT1 expression in oocytes, which improves mitochondrial quality in oocytes. According
to the findings, short-term HS could be an effective non-invasive treatment for improving oocyte quality, which could be useful for
assisted reproductive technologies.

In pig, the use of transcriptomic study in thermal stress adaptability was more focused on its impact on growth and meat quality.
Main object of transcriptomic studies in pig is on skeletal muscle by utilizing various methods [60-64]. RNA-seq analysis revealed that
chronic HS at 30 °C for 21 days caused differential expression of 78 genes in castrated pig longissimus dorsi muscle, linked to muscle
form and function, glycolysis, lactate metabolism, lipid metabolism, cellular defense, and stress response. Variations in metabolic
profiles and muscle composition resulted from chronic HS-induced transcriptome modifications, which led to poor meat quality [60].
In a novel approach, circular RNA (circRNA), a type of noncoding RNA, has been found to potentially act as a sponge for microRNA,
sequestering and competitively suppressing their activity. They reported 59 circRNAs were found to be differentially expressed
heat-stressed sow’s pituitary gland under 37 °C and ~40 % humidity, for 2-6 h, with 42 upregulated and 17 downregulated circRNAs,
which play role in regulating specific pituitary genes and HS-related genes, including follicle stimulating hormone subunit beta
(FSHB), growth hormone 1 (GH1), prolactin (PRL), HSP, and HSF, which are involved in hormone synthesis and stress response [65].
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Long-term exposure to heat reduces IL6, which influences the janus kinase/signal transducers and activators of transcription (JAK/
STAT) signalling, while short-term HS increases inflammatory signalling in pig skeletal muscle through the Activator protein 1 (AP-1)
pathway and early Nuclear factor kappa B (NF-kB) pathway activation. HS leads to muscle dysfunction such as alteration of muscle
physiology and increased muscle oxidative injury, which negatively impact on both animal welfare and meat production [63,64]. Also
in term of meat quality, when longissimus dorsi muscle was exposed to 30 °C heat for three weeks, the mRNA expression of carnosine
synthetase (CARNS1) was significantly lower than when the muscle was exposed to thermoneutral conditions. Heat exposure reduced
antioxidant capacity (Superoxide dismutase (SOD) and Catalase (CAT)) and enhanced lipid peroxidation (MDA), indicating the
presence of oxidative stress. As a result, the pork meat produced from heat-exposed muscle had lower pH, a* values, and tenderness, as
well as increased drip loss and L* values as a result of changes in the expression of numerous proteins involved in muscle function and
metabolism [66,67]. A study in crossbred pigs by Cui et al. [67] for three weeks showed that a total of 23 differentially expressed
proteins were found between the control group at 22 °C artificial climate chamber and the HS group at 30 °C, these proteins are
involved in carbohydrate metabolism, myofibrillar and cytoskeleton structure, stress response, antioxidant and detoxification, calcium
binding, and cellular death.

Breed comparison was also done for pig for thermal adaptability. A study was done in Indian native, crossbred, and exotic pig by
Vashi et al. [68]. Summertime (THI 80.92 + 0.5) HSP70 mRNA expression of PBMC was greater in almost all age groups (grower,
finisher, sow, and boar) of crossbred and exotic pigs compared to other seasons. Parkunan et al. [69] discovered similar results for
HSP70, HSP90, and monocarboxylate transporters (MCTs) in Chungroo and Large White Yorkshire pigs under summer heat stress of
THI 82. According to two studies, similar to findings in ruminant studies, native pigs have innate mechanisms to regulate their body
temperature in response to the high humidity and subtropical climate of their local environment, making them a reliable option in the
face of rising global temperatures that may provide a more sustainable and resilient alternative to crossbred and exotic breeds for
future livestock production.

4.3. Poultry

Multiple tissue comparisons are prevalent in poultry transcriptomic research, e.g. using liver, heart, muscle, brain, lung, and
digestive organs tissue. Although their mechanism are still not fully elucidated, certain studies have established the tissue-specific
distribution of HS-related genes [70-72], which corresponds to their unique functions in preventing tissue damage. For example,
Xie et al. [73] reported that HSF1 and HSF4 were significantly less abundant than HSF2 and HSF3 in 31 weeks laying chicken muscle,
and changes in the expression of HSF genes were not observable in muscle following thermal treatment (acute heat stress: up to 35 °C
and chronic heat stress: cyclic 25-32-25 °C), despite significant variations in the heart and liver following acute heat stress. According
to HSP70 and HSP90 expression, the heart is most responsive to heat challenges, while the muscle is least responsive, which may
contribute to tissue injury by protein oxidation. In broiler chicken [74], higher expressions of HSP90 and HSP60 mRNA were detected
in the muscle and heart compared to the brain, moreover after thermal manipulation of 39 °C for 18 h daily during embryonic days
12-18. Important insights into the role of HSP60 in cellular defence have been obtained from a study of HSP60’s expression in several
>2 years old pigeon tissues; specifically, the study revealed that the pigeon’s brain, heart, and crop are particularly sensitive to heat
stress treatment (38 °C for 2-8 h) [75].

Pale soft exudative (PSE) turkey meat could be a result of inadequate response to heat stress because of the late upregulation of
significant genes responsible for calcium regulation, such as a ryanodine receptor (¢RYR), § ryanodine receptor (BRYR), and calse-
questrin (CASQ1). This altered calcium release in skeletal muscles could cause hypermetabolism, leading to increased temperature,
rapid pH decline, and ultimately, protein denaturation and loss of protein function [76]. Addition by Lu et al. [77], who reported that
heat stress treatment caused a disruption in the redox status and energy-substance metabolism of chickens, resulting in a reduction in
antioxidant capacity and an increase in oxidative stress. This was concluded based on their examination of the mRNA expression
dynamics of key genes involved in energy metabolism, including AMP-activated protein kinase-a2 (AMPKa2), carnitine palmitoyl
transferase 1 (M-CPT1), avian uncoupling protein (avUCP), fatty-acid synthase (FAS), acetyl-CoA carboxylase (ACC), and pyruvate
dehydrogenase kinase 4 (PDK4), at two time points (7 and 14 days) following exposure to a temperature of 32 °C.

Several candidate markers for reproductive efficacy under HS conditions have been identified in both male and female birds. In
female, in addition to the HSPs genes, several other candidate genes have been confirmed, including cytochrome P450 family 11
subfamily A member 1 (CYP11A1), cytochrome P450 family 19 subfamily A member 1 (CYP19A1), CXC chemokines, and matrix
metallopeptidase 3 (MMP3) in duck (Yang et al., 2021), and also IL6, vitellogenin 2 (VTG2), matrix metallopeptidase 13 (MMP13),
collagen type II alpha 1 (COL2A1) and kruppel-like factor 2 (KLF2) in 30 weeks old broiler chicken under acute heat stress at 38 °C
[78]. This reproductive disruption was through inhibition of proliferation, oestrogen synthesis, follicular growth, proteolytic disin-
tegration, follicle cell damage, and many more. While in male birds, according to observation of acute heat-stressed (at 38 °C and 55 %
relative humidity for 4 h with or without recovery) 45 weeks old roosters testes [79], HSP genes and co-chaperones (HSP70,
HSP90AA1, HSP25, and DnaJ heat shock protein member A4 (DNAJA4)), antiapoptotic BAG cochaperone 3 (BAG3) and serpin family
B member 2 (SERPINB2) were observed. These genes, particularly HSP25, may be crucial and unique critical components in the
heat-stress response of avian testes.

Comparisons across strains are frequently undertaken in an attempt to identify markers that will facilitate the selection and
breeding of more heat-tolerant poultry strains. The expression of the liver HSP70 gene in heat-stressed Ross broilers was significantly
higher than in Cobb broilers kept under heat-stressed conditions for 4 or 6 h. This may be due to the significantly reduced antioxidant
activity in heat-stressed Ross broilers, which corresponds to a lower serum SOD level [80]. Similar finding was as also mentioned by
Zaglool et al. [81] according their observation in HSP90 genes expression, and Cedraz et al. [82] on observation of HSP70 between
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local Brazilian strains (Caneluda and Peloco) and Cobb commercial stain, agreeing that Cobb strain is more vulnerable to heat stress.
Incorporation of local indigenous strains’ genetics in developing commercial strain was also suggested, due to their excellent thermal
adaptability [83-85].

4.4. Authors opinion on what approach can aids to understand cell’s response to heat stress better

A number of studies on heat stress adaptation have been conducted using transcriptomics. However, the present study designs are
often focused on just one aspect or particular objective only, for example, limited to several genes of interest or some organ samples
only. We recognize that performing comprehensive research is not only challenging, but also expensive in terms of funds and labour,
which not all researchers can afford. But, if a suggestion can be made, a combination of experimental techniques and advanced
technologies is an opportunity to improve the understanding of a cell’s response to heat stress from multiple observation points.
Combination of multi-omics technology; genomics, transcriptomics, proteomics, and metabolomics, will also able to comprehensively
study the changes occurring in cells during heat stress. By analysing thousands of genes, transcripts, proteins, and metabolites all at
once at specific heat stressors amount or taking into account the gradual time of exposure, these methods provide a comprehensive
view of cellular responses and enable the characterization of critical regulatory components at cellular level. The focus should not only
to the stress related or immune related genes, but may also be expanded to production traits genes. Furthermore, as bioinformatics
applications in livestock science develop, applying bioinformatics and computational modelling approaches to evaluate large-scale
omics data and integrate information from diverse sources is becoming more common. This can help identify critical regulatory
networks, pathways, and molecular interactions in the cellular response to heat stress.

Multiple sample research is currently available; however, bigger comparison studies involving higher coverage of genes, more
various cell types, organs, or even comparison between model organisms to acquire insights into the general principles and conserved
mechanisms of cellular response to heat stress are required. This can help identify important regulators and components involved by
highlighting common pathways and molecular properties shared by diverse organisms; the closely related species to the most distinct
ones.

5. Conclusion

This review outlines the trends in transcriptome studies regarding livestock adaptation to heat stress and emphasizes significant
discoveries related to heat stress adaptation in ruminants, pigs, and poultry. Despite the increased accuracy of RNA-Seq, RT-qPCR
remains the preferred method because of its ease of application and lower cost. Researchers continue to focus on heat shock proteins
(HSPs) genes due to their key role in defending cells against heat stress, in addition to their roles in cell signalling, immunological
response, and facilitating heat adaption. Toll-like receptors (TLRs), interleukins (ILs), and heat-shock transcription factors (HSFs) are a
few more examples that have received attention in the past research works. In order to fully understand how cells respond to heat
stress, multi-omics approaches that combine cutting-edge metabolomics and proteomics technologies will be important. Moreover,
more extensive research with higher coverage of genes, more sample and species comparison might also be beneficial to acquire deeper
knowledge in mechanisms of cellular response to heat stress. This review does not elaborate in detail on the livestock molecular
adaptation to heat stress; however, it provides the audience with significant research trends that can serve as a reference for designing
future studies aimed at enhancing the understanding of heat stress adaptation in livestock, because heat stress will remain essential to
the cause of sustainable livestock farming in the midst of a constantly changing climate.
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